Introduction {#Sec1}
============

Influenza A virus (IAV) can infect diverse host species \[[@CR1]\] and remains a severe threat to public health. Pathogenicity of IAV varies greatly among different virus subtypes due to its genetic variability. Moreover, IAV can translate multiple viral proteins from a single gene segment, which further complicates the pathogenesis of IAV. In 1970s, IAV genome was mapped for the first time and 10 viral proteins were indentified, namely PB2, PB1, PA, HA, NP, NA, M1, M2, NS1 and NS2 \[[@CR2], [@CR3]\]. Later, in 2001, the first accessory protein, PB1-F2, which was translated from the alternative open reading frame (ORF), was discovered \[[@CR4]\]. Since then, another seven viral proteins, PB1-N40 \[[@CR5]\], PA-X \[[@CR6]\], M42 \[[@CR7]\], NS3 \[[@CR8]\], PA-N155 and PA-N182 \[[@CR9]\] and PB2-S1 \[[@CR10]\] have also been identified.

The PA-X protein is a 29-kD frameshifting product that encoded from the segment 3 of IAV genome \[[@CR6]\]. Recently, many functions have been identified associated with this small protein, including modulation of viral replication \[[@CR11]--[@CR15]\] and pathogenicity \[[@CR6], [@CR12]--[@CR14]\], suppression of the host antiviral and immune response \[[@CR6], [@CR11], [@CR16]--[@CR20]\] and endonucleolytic activity \[[@CR21]\]. Jagger et al. \[[@CR6]\] for the first time identified the PA-X protein and demonstrated that PA-X decreases the pathogenicity of 1918 H1N1 virus in mice and modulates the host response. Gao et al. \[[@CR13], [@CR14], [@CR22]\] further confirmed the role of the PA-X protein in modulating virulence of influenza viruses in mice, including 2009 H1H1, avian H5N1 and H9N2 viruses. Besides the role in regulating viral virulence, the major function of PA-X is the host shutoff activity \[[@CR6], [@CR11], [@CR16]--[@CR20]\]. Desmet et al. \[[@CR16]\] found that the PA-X protein contributes to the host cell shutoff and inhibits host antiviral response. Khaperskyy et al. \[[@CR17]\] have verified that PA-X strongly inhibits the formation of the stress granule (SG, a host antiviral mechanism that detects the stress of virus infection) and arrests cap-dependent mRNA translation. Hayashi et al. \[[@CR11]\] demonstrated that the PA-X protein has a strong impact on both the host innate and acquired immune response to influenza virus. Oishi et al. \[[@CR18]\] further mapped the critical six basic amino acids in the C-terminal of PA-X that contribute to the PA-X shutoff activity.

Our previous study revealed that PA-X attenuates the pathogenicity of highly pathogenic avian influenza virus (HPAIV) of the H5N1 subtype in mice, ducks and chickens \[[@CR15]\]. In this study, we aim to further investigate the mechanism of virulence attenuation caused by the PA-X protein in a mouse model. By systematically comparing the pathological changes in mouse lung, we found that reduced PA-X expression significantly aggravated the acute lung injury early on day 1 post-infection. The PA-X-deficient viruses induced higher production of cytokines, chemokines and complement components in the lung. We then showed that loss of PA-X expression enhanced cell death and increased the expression of reactive oxygen species (ROS) in cells. Moreover, accelerated PA nuclear accumulation in MDCK cells was also observed for PA-X-null mutants.

Materials and methods {#Sec2}
=====================

Ethics statement {#Sec3}
----------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of the People's Republic of China. The protocols for animal experiments were approved by Jiangsu Administrative Committee for Laboratory Animals (approval number: SYXK-SU-2007-0005) and complied with the guidelines of Jiangsu laboratory animal welfare and ethics of Jiangsu Administrative Committee of Laboratory Animals. All experiments involving live viruses and animals were performed in negative-pressure isolators with HEPA filters in a biosafety level 3 (BSL3) animal facilities in accordance with the institutional biosafety manual.

Viruses and cells {#Sec4}
-----------------

A/Chicken/Jiangsu/k0402/2010 (CK10) was isolated from a dead chicken and it is highly pathogenic in mice, guinea pigs, chickens and mallard ducks \[[@CR23]\]. To reduce the PA-X expression of the CK10 virus, recombinant viruses harboring mutations at the ribosomal frameshifting sites of the CK10 PA gene were generated (CK-PAX5 and CK-PAX3) \[[@CR15]\]. The CK-PAX5 virus carries five nucleotide mutations (T568A, C569G, T573C, C574A and T576A, numbering from the A of the AUG codon) in the PA gene, and the CK-PAX3 virus harbors three mutations (T573C, C574A and T576A, numbering from the A of the AUG codon). The PA-X expression for the CK-PAX3 virus was 47 % relative to that of r-CK10 virus, while the corresponding value for the CK-PAX5 virus was 85 % \[[@CR15]\]. Virulence test results indicate that the 50 % lethal dose of the mouse (MLD~50~) of CK-PAX3 (MLD~50~ = 10^0.5^ EID~50~) and CK-PAX5 (MLD~50~ = 10^0.83^ EID~50~) were 7.5- and 3.5-fold lower than that of r-CK10 (MLD~50~ = 10^1.375^ EID~50~), respectively \[[@CR15]\].

MDCK and A549 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Life technologies, Carlsbad, CA) supplemented with 10 % fetal calf serum (FCS) (Life technologies) and antibiotics and were incubated at 37 °C in 6 % CO~2~.

Animal experiments {#Sec5}
------------------

Groups of 23 mice were infected intranasally (i.n.) with 10^5.0^ 50 % embryo infectious dose (EID~50~) of r-CK10, CK-PAX5, CK-PAX3 or with PBS as mock control. On days 1, 2 and 3 post-infections (p.i.), six mice per group were euthanized and the lungs were collected for histological observation, measurement of the levels of cytokines, chemokines and complements. The remaining mice were observed for clinical signs in a period of 2 weeks. Mice were humanely killed when they lost \>25 % of their initial body weight.

Histopathological examination {#Sec6}
-----------------------------

Histopathological examination was performed as previously described \[[@CR24]\]. Briefly, the collected lung tissues were fixed in 10 % phosphate-buffered formalin and processed for paraffin embedding. Then the tissue sections were stained with hematoxylin and eosin (H&E) and observed for histopathological changes. Images were captured with a Zeiss Axioplan 2IE epifluorescence microscope. Lesions were scored according to the following standards: 0, no visible changes; 1, mild interstitial pneumonia, edema and hemorrhage; 2, moderate interstitial pneumonia, mild bronchopneumonia and hemorrhage; 3, severe interstitial pneumonia and bronchopneumonia, severe hemorrhage, diffuse necrosis of the alveolar epithelial cell.

Quantitation of cytokines, chemokines and complement-derived peptides C3a and C5a {#Sec7}
---------------------------------------------------------------------------------

Levels of the selected cytokines and chemokines (IFN-α, IFN-β, IFN-γ, MX-1, IL-6, TNF-α, CXCL9, CXCL10, CXCL11, CCL3, CCL4 and CCL5) in the infected mouse lung were determined using ELISA kits (Bio-Swamp, Wuhan, CN) according to the manufacturer's instructions. The production of the complement-derived peptides (C3a and C5a) was also measured using the ELISA method (Changjin Biological Technology Co., Ltd, Shanghai, CN). The absorbance of samples was measured at 450 nm using a 96-well microplate reader (Bio-Tek, Vermont, USA). Levels of cytokines, chemokines and complement-derived components were calculated based on the corresponding standard curves. All samples were measured in triplicate, and the experiments were repeated three times independently.

Cell death analysis {#Sec8}
-------------------

To explore the role of PA-X in virus-induced cell apoptosis, MDCK and A549 cells were inoculated with r-CK10, CK-PAX3 or CK-PAX5 at a MOI of 1. At 12 and 24 h p.i., both inoculated and non-inoculated cells were trypsinized and washed three times with PBS. Cells were then stained with FITC-conjugated annexin V and propidium iodide (PI) (Roche, Mannheim, Germany) for 15 min at room temperature in the dark. The stained cells were then analyzed using a flow cytometer (BD, San Jose, USA). Apoptotic cells are those with high annexin V but low PI staining, whereas necrotic cells are highly stained with both two dyes.

Measurement of the reactive oxygen species (ROS) {#Sec9}
------------------------------------------------

ROS levels were determined using the fluorescent marker 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) (Beyotime, China) according to the manufacturer's instructions. Briefly, MDCK cells were seeded in 24-well plates and infected with the indicated viruses at a MOI of 1. At 12 and 24 h p.i., cells were collected and washed twice with cold PBS. The cells were then centrifuged and re-suspended in 100 μl of DCFH-DA (10 μM/L) for incubation at 37 °C for 20 min. The cells were then washed twice with PBS. Precipitated cells were then suspended with 100 μl of PBS for flow cytometry analysis. Fluorescence intensity was analyzed with FACSAria flow cytometer using the FACSDiva software (Becton Dickinson Immunocytometry System) \[[@CR25]\].

Immunofluorescence {#Sec10}
------------------

MDCK cells were grown in 12-well plates and infected with the indicated viruses at a MOI of 2. At the indicated time points, cells were fixed with PBS containing 4 % paraformaldehyde for 20 min, saturated with PBS containing 0.5 % Triton X-100 for 10 min and then blocked with 10 % bovine serum albumin in PBS for 30 min. Cells were incubated with rabbit antiserum against PA (Genetex, TX, USA) at 37 °C for 1 h. Cells were washed three times with PBS and incubated at 37 °C for 1 h with fluorescein isothiocyanate (FITC)-coupled donkey anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology, TX, USA). After incubation with secondary antibody, cells were washed three times with PBS and incubated with DAPI for 10 min. Cells were observed using a Leica fluorescence microscope. The accumulation of PA in the nuclei of infected cells was determined as the ratio of cells showing red fluorescence in the nucleus to the total number of cells counted (*n* = 100).

Statistical analysis {#Sec11}
--------------------

Statistical analysis was performed using the SPSS Statistics software. The independent samples *T* test was used for data analysis. *p* \< 0.05 was considered as significant.

Results {#Sec12}
=======

PA-X-deficient mutant viruses aggravate the acute lung injury {#Sec13}
-------------------------------------------------------------

We previously reported that loss of PA-X expression increases the virulence of the PA-X-deficient viruses (CK-PAX5 and CK-PAX3) in a mouse model \[[@CR15]\]. The 50 % lethal dose in mice (MLD~50~) values of CK-PAX3 and CK-PAX5 were 7.5- and 3.5-fold lower than that of r-CK10, respectively. Moreover, mean death time (MDT) of the mice infected with CK-PAX3 was lower than that of r-CK10 virus. In this study, to investigate the potential role of PA-X in the pathogenesis, groups of mice were infected i.n. with 10^5.0^ EID~50~ of the r-CK10, CK-PAX5 or CK-PAX3 virus, and mice were monitored for morbidity and mortality in a period of 2 weeks. As shown in Fig. [1](#Fig1){ref-type="fig"}, the PA-X-deficient viruses induced more severe weight loss compared with the parental virus r-CK10, especially the CK-PAX3 virus. In addition, both the PA-X mutant viruses-infected mice began to die as early as 4 days post-infection (p.i.), whereas the corresponding number for the r-CK10 virus was 6 days p.i. We then systematically compared the viral replication and histopathological changes in the mouse lung caused by these recombinants. As shown in Fig. [2](#Fig2){ref-type="fig"}f, on day 1 p.i., both the PA-X-deficient viruses replicated significantly higher viral titers than the r-CK10 virus. However, on day 2 and 3 p.i., the replication efficiency for all the viruses-infected groups was similar. Interestingly, on day 1 p.i., we also found that the pathological changes of the PA-X-deficient viruses-infected mice were more severe than that of r-CK10 virus. Notably, the CK-PAX3-infected mice exhibited severe interstitial pneumonia and bronchopneumonia that were characterized by serious thickened alveolar wall, disappeared alveolar structure, severe infiltration of necrotic alveolar epithelial cells and inflammatory cells in the alveolar interstitial and severe necrosis and desquamation of the bronchial epithelial cells (Fig. [2](#Fig2){ref-type="fig"}a). However, r-CK10 induced mild bronchopneumonia with the lesion of bronchial epithelial cells and few inflammatory cells infiltration (Fig. [2](#Fig2){ref-type="fig"}c). By statistical analysis, we found that the lung lesion score that induced by the CK-PAX3 virus was significantly higher than that of the parental virus (Fig. [2](#Fig2){ref-type="fig"}e). On day 2 and 3 p.i., there was no apparent difference in the histopathological changes between the PA-X-deficient viruses and the parental virus (Fig. [2](#Fig2){ref-type="fig"}e). Therefore, loss of PA-X expression alleviated the early acute lung injury (ALI) caused by highly pathogenic H5N1 virus.Fig. 1Pathogenicity of recombinant viruses in 6-week-old BABL/c mice. **a** Mean weight loss of mice infected with 10^5.0^ EID~50~ of r-CK10, CK-PAX5 and CK-PAX3 (*n* = 5). Mice were humanly killed when they lost ≥25 % of their initial body weight. *Error bar* represents stand deviation (SD). **b** Survival rate of mice infected with the indicated viruses or mock PBS (*n* = 5) Fig. 2Representative histopathological changes in H&E (hematoxylin and eosin)-stained lung tissues on day 1 p.i. and viral replication in the mouse lung **a** CK-PAX3-infected mouse lung. Severe interstitial pneumonia and bronchopneumonia characterized by serious thickened alveolar wall, disappeared alveolar structure, severe infiltration of necrotic alveolar epithelial cells and inflammatory cells in the alveolar interstitial (shown as *asterisk*) and severe necrosis and desquamation of the bronchial epithelial cells (shown as). **b** CK-PAX5-infected mouse lung. Moderate interstitial pneumonia and bronchopneumonia with mild thickened alveolar wall (shown as *triangle*), necrosis and desquamation of the bronchial epithelial cells and accompany by infiltration of inflammatory cells (shown as *black arrow*) and inflammatory cells infiltration around the bronchus (shown as *white arrow*). **c** r-CK10-infected mouse lung. Mild bronchopneumonia characterized by necrosis and desquamation of the bronchial epithelial cells and a small quantity of inflammatory cells infiltration (shown as *black arrow*). **d** Mock control. No obvious histopathology was observed in the PBS-infected mouse lung. Bar = 100 μm. **e** Histological changes (expressed as scores). Value shown are the mean ± SD of the results from six individuals (\**p* \< 0.05). **f** Viral replication in the mouse lung. Value shown are the mean ± SD of the results from six individuals (\**p* \< 0.05). *Asterisk* indicates significant difference between the PA-X-deficient virus (CK-PAX3 or CK-PAX5) and the parental virus

PA-X-deficient viruses augment cytokine and chemokine response in the pneumonic lung {#Sec14}
------------------------------------------------------------------------------------

To further investigate the potential mechanism of different lung pathological manifestations caused by the recombinants and the parental virus, we then evaluated the role of PA-X in the inflammatory response by testing the production of some representative cytokines and chemokines in mouse lung (Fig. [3](#Fig3){ref-type="fig"}). In general, the mutants, especially the CK-PAX3 virus, induced a stronger cytokine and chemokine response than r-CK10. At day 1 p.i., compared to the parental virus, CK-PAX3 significantly elevated levels of CCL-3, CCL-4, CCL-5, CXCL-9, CXCL-10, IFN-α, IFN-β, IL-6 and TNF-α and CK-PAX5 significantly up-regulated the production of CCL-4, CCL-5, CXCL-9, IFN-β and IL-6. However, at day 2 and 3 p.i., the levels of the most tested cytokines and chemokines were comparable among all viruses. Nevertheless, significant differences in CXCL-10, IFN-β and TNF-α level between CK-PAX3 and r-CK10 were still observed at day 2 p.i. In addition, at day 3 p.i., the two mutant viruses still induced higher levels of IFN-γ, IL-6 and MX1 compared to r-CK10. Therefore, the PA-X-deficient viruses induced a stronger inflammatory response in the lung than the parental virus.Fig. 3Cytokines and chemokines expression in the mouse lung. Groups of 18 6-week-old female BABL/c mice were intranasally infected with 10^5.0^ EID~50~ of the indicated virus strain or received PBS intranasally (Control). On day 1, 2 and 3 p.i., six mice of each group were euthanized; the lungs were collected for homogenate preparation. Lung concentrations of cytokines were measured by ELISA. Cytokine or chemokine expression was expressed as the mean concentration ± SEM. \**p* \< 0.05 and \*\**p* \< 0.01, *asterisk* or *double asterisk* indicates significant difference between the PA-X-deficient virus (CK-PAX3 or CK-PAX5) and the parental virus

Reduced PA-X expression results in the excessive C3a and C5a activation in the lung {#Sec15}
-----------------------------------------------------------------------------------

Substantial studies have shown that ALI occurring after HPAIV H5N1 virus infection is closely related to an abnormal host innate immune response \[[@CR26]--[@CR29]\]. Since the complement system plays a key role in the innate immunity and aberrant complement activation contributes to ALI caused by influenza virus \[[@CR30]--[@CR32]\], we then determined whether change in PA-X expression could affect the expression of complement-derived peptides C3a and C5a that are the central effectors of the complement system \[[@CR30]--[@CR37]\] (Fig. [4](#Fig4){ref-type="fig"}). The results showed that all the tested viruses induced higher level of C5a when compared to that of C3a in the mouse lung. In addition, on day 1, 2 and 3 p.i., the PA-X-deficient viruses activated C5a to significantly higher levels compared to r-CK10. The CK-PAX3 virus appeared as a hyperinducer of C3a compared to r-CK10 at all three time points, whereas CK-PAX5 only enhanced C3a expression at day 2 p.i. Therefore, these data demonstrated that the reduction of PA-X expression significantly activated the C3a and C5a expression.Fig. 4C3a and C5a expression in the mouse lung. Groups of 18 6-week-old female BABL/c mice were intranasally infected with 10^5.0^ EID~50~ of the indicated virus strain or received PBS intranasally (Mock). On day 1, 2 and 3 p.i., six mice of each group were euthanized; the lungs were collected for homogenate preparation. ELISA Kit was used to analyze the expression of the C3a and C5a complements. Data are presented as mean ± SEM. \**p* \< 0.05 and \*\**p* \< 0.01, when compared to the indicated group

PA-X-deficient viruses enhance cell death in MDCK and A549 cells {#Sec16}
----------------------------------------------------------------

Since in vivo study showed great differences in lung pathological changes caused by these viruses, we then analyzed whether they differ in inducing cell damage because the degree of cell death is associated with the severity of tissue damage. At 12 and 24 h p.i., significantly more apoptotic cells were detected in cells inoculated with all tested viruses when compared to the mock control in MDCK and A549 cells (Fig. [5](#Fig5){ref-type="fig"}a, b, d, e). Moreover, in these two cell lines, the proportion of apoptotic cells was significantly higher in cells infected with CK-PAX3 than that in r-CK10-infected cells and CK-PAX5-infected cells at 12 h p.i. (Fig. [5](#Fig5){ref-type="fig"}a, b, d, e). At 24 h p.i., infection with both CK-PAX3 and CK-PAX5 produced significantly more apoptotic cells when compared to r-CK10 in MDCK and A549 cells (Fig. [5](#Fig5){ref-type="fig"}b, e).Fig. 5Apoptosis and necrosis detected by annexin V and PI double staining in MDCK and A549 cells. At 12 and 24 h p.i., both infected and non-infected MDCK cells (**a**) and A549 cells (**d**) were harvested and stained with FITC annexin V and PI and then subjected to flow cytometry. Apoptotic cells are those with high annexin V and low PI staining, whereas necrotic cells are highly stained with both annexin V and PI. Values shown are the proportion of dead cells among the total number of cells analyzed. **b**--**e** Quantitative analysis of apoptosis and necrosis induced by the recombinants by flow cytometry in MDCK cells (**b** and **c**) and A549 cells (**e** and **f**). Values shown are the average proportion of apoptotic or necrotic cells of the total number of cells ± SD of the results from three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01, when compared to the indicated group

Regarding necrosis, in MDCK cells, only CK-PAX3 induced significantly more necrotic cells than the mock control at 24 h p.i. (Fig. [5](#Fig5){ref-type="fig"}c). In A549 cells, except for r-CK10 virus, all the viruses induced significantly more necrotic cells than the mock control both at 12 and 24 h p.i. (Fig. [5](#Fig5){ref-type="fig"}f). Moreover, a higher percentage of necrotic cells were observed for CK-PAX3 compared to r-CK10 at 12 h p.i. Taken together, these results showed that loss of PA-X expression significantly enhanced cell death both in MDCK and A549 cells.

PA-deficient viruses increase ROS expression in MDCK cells {#Sec17}
----------------------------------------------------------

Accumulated studies have shown that ROS contributes to the AIL and plays a role in influenza virus pathogenesis \[[@CR38]--[@CR47]\]. To evaluate the role of PA-X in ROS production, we compared the ROS expression level in MDCK cells inoculated with the parental virus and PA-X-deficient viruses. As shown in Fig. [6](#Fig6){ref-type="fig"}, at 12 and 24 h p.i., significantly higher expression levels of ROS were observed for all the tested viruses when compared to the mock control group. Moreover, at 24 h p.i., the two PA-X-deficient viruses induced significantly higher expression level of ROS than the parental virus. Therefore, loss of PA-X expression increased the ROS expression level in the process of influenza virus infection.Fig. 6ROS expression in MDCK cells. ROS levels were determined using the fluorescent marker 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) according to the manufacturer's instructions. Fluorescence intensity was analyzed with a FACSAria flow cytometer with the FACSDiva software. Values shown are the average expression levels ± SD of the results from three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.01, when compared to the indicated group

PA-X-deficient viruses enhance PA nuclear accumulation {#Sec18}
------------------------------------------------------

To assess why reduced PA-X expression can increase viral replication \[[@CR15]\], we next investigated the effect of mutations at the frameshifting sites on the PA nuclear accumulation. As shown in Fig. [7](#Fig7){ref-type="fig"}, the PA-X-deficient viruses and r-CK10 virus differed greatly in terms of PA nuclear accumulation. An earlier transportation of the PA protein from the cytoplasm to the nucleus was observed during PA-X-deficient virus infection. At 1 h p.i., the PA protein was detected in the nucleus of 6 % of the CK-PAX3-infected cells, whereas only 3 % of the r-CK10-infected cells displayed PA nuclear localization. At 6 h p.i., 5 % of the r-CK10-infected cells showed PA nuclear accumulation, whereas higher proportion of cells inoculated with CK-PAX5 (12 %) and CK-PAX3 (14 %) underwent nuclear translocation of PA. At 12 h p.i, the CK-PAX3-infected cells still showed higher levels of PA nuclear accumulation when compared to r-CK10. However, no significant differences were observed among the three viruses at 24 h p.i. These results indicated that loss of PA-X expression enhances PA nuclear accumulation that may contribute to the increased viral replication of the PA-X-deficient viruses \[[@CR15]\].Fig. 7PA nuclear accumulation of the recombinants in MDCK cells. MDCK cells were infected with r-CK10 (**a**), CK-PAX5 (**b**) or CK-PAX3 (**c**) at a MOI of 2; cell cultures were fixed and processed for immunofluorescence observation at the indicated times. Cell nuclei were stained with DAPI. **d** The PA nuclear accumulation in the infected cells was determined as the ratio of cells showing red fluorescence in the nucleus to the total number of cells counted. The values shown are mean ± SD of results for three independent experiments (\**p* \< 0.05). *Asterisk* indicates significant difference between the PA-X-deficient virus CK-PAX3 or CK-PAX5 and the parental virus

Discussion {#Sec19}
==========

Our previous study has demonstrated that PA-X decreases the virulence of HPAIV of the H5N1 subtype in a mouse model \[[@CR15]\]. In the present study, we further explored the potential role of the PA-X protein in the pathogenesis of H5N1 virus in this animal model. We first found that loss of PA-X expression aggravated the early ALI caused by the H5N1 virus infection (Fig. [2](#Fig2){ref-type="fig"}). We then found that the reduced PA-X expression resulted in increased levels of cytokines, chemokines and complements in the mouse lung (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}). Moreover, the PA-X-deficient viruses induced a stronger cell death (Fig. [5](#Fig5){ref-type="fig"}) and higher ROS production (Fig. [6](#Fig6){ref-type="fig"}) in mammalian cells. We also found that loss of PA-X expression increased viral replication and enhanced PA nuclear accumulation (Figs. [1](#Fig1){ref-type="fig"}, [7](#Fig7){ref-type="fig"}). Taken together, our findings suggest that the PA-X protein may alleviate the acute lung injury caused by the lethal H5N1 AIVs through blunting the viral replication and virus-induced host innate immune response, especially the cytokine, complements, ROS and cell death response (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8Function and effects of the influenza A virus PA-X protein. This picture illustrates that the PA-X protein inhibits the influenza viral replication, virus-induced inflammation (including the cytokine and complement response, and inflammatory cells infiltration), cell death and ROS expression. The pleiotropic effects of PA-X protein contribute to the alleviation of the acute lung injury induced by influenza virus and the subsequently reduced mortality of the infected mouse

ALI that is manifested clinically as the acute respiratory distress syndrome (ARDS) is a common cause of mortality from severe influenza. HPAIV of H5N1 subtype often causes severe pneumonia that further results in ALI \[[@CR48], [@CR49]\] and subsequent death \[[@CR26], [@CR48]\]. The typical pathology of ALI in H5N1 influenza virus infection is characterized by rapid, massive inflammatory cell infiltration, edema formation and a marked increase in cytokines. In this study, we found that PA-X alleviated ALI caused by H5N1 HPAIV in mice (Fig. [2](#Fig2){ref-type="fig"}). However, the potential pathogenic mechanism for PA-X-associated attenuation of acute lung injury is currently unknown. Previous histological and pathological indicators strongly suggest a key role of an excessive host response in mediating ALI, and various effector arms of the host response can act deleteriously to initiate or exacerbate pathological damage in this viral pneumonia, including cytokines and chemokines \[[@CR50]--[@CR53]\], cell death \[[@CR54]--[@CR60]\], oxidative stress (ROS production) \[[@CR38], [@CR42]--[@CR45]\], complement response \[[@CR30]--[@CR37]\] and other factors.

Using microarray analysis, Jagger et al. \[[@CR6]\] reported that loss of PA-X expression markedly increases the expression level of the genes associated with the inflammatory and apoptotic pathways. In this study, by testing the expression levels of some representative cytokines and chemokines in the mouse lung, we demonstrated that cytokine/chemokine levels were greatly elevated in the PA-X-deficient virus-infected mouse lung compared with that of the parental virus (Fig. [3](#Fig3){ref-type="fig"}). To be noted of, early on day 1 p.i., the CK-PAX3 virus induced significantly higher expression level of CCL3, CCL4, CCL5, CXCL9, CXCL10, IFN-α, IFN-β, IL-6 and TNF-α when compared to the parental virus (Fig. [3](#Fig3){ref-type="fig"}). Although the innate immune response is critical for influenza virus clearance, an aberrant cytokine response often results in immunopathology and subsequent organ dysfunction and host death \[[@CR50]--[@CR53]\]. We also found that reduced PA-X expression significantly increased virus-induced apoptosis and necrosis in MDCK and A549 cells (Fig. [5](#Fig5){ref-type="fig"}). Previous studies have demonstrated that influenza virus-induced severe host cell apoptosis \[[@CR54]--[@CR60]\] contributes to the viral pathogenicity. Thus, we supposed that the accelerated cell apoptosis and massively increased cytokine response induced by the mutants aggravates the cellular damage and organ dysfunction, which may contribute to the severe ALI that caused by the PA-X-deficient viruses in mice.

Cellular metabolisms produce different varieties of reactive oxygen species (ROS) as by-products. Usually, these ROS play an important role in cell signaling, cytokines, growth factors, ion transport, transcription, neuromodulation and immunomodulation \[[@CR61], [@CR62]\]. However, an excessive production of ROS can lead to oxidative stress \[[@CR63], [@CR64]\] that is associated with several aspects of viral disease pathogenesis including apoptosis \[[@CR65]--[@CR67]\], viral replication \[[@CR68]--[@CR70]\], inflammatory response and dysfunction of immune system \[[@CR71], [@CR72]\]. During influenza virus infection, a rapid influx of inflammatory cells often results in an increased ROS production \[[@CR73]\]. A number of studies have demonstrated that ROS plays a role in the occurrence of the acute lung injury induced by influenza virus \[[@CR39], [@CR40], [@CR42], [@CR44], [@CR47]\] and it is an attractive and promising target for therapeutic intervention \[[@CR38], [@CR43], [@CR45], [@CR46], [@CR74]\]. In this study, significantly higher expression level of ROS was detected in the PA-X-deficient virus-infected cells compared to the parental virus at 24 h p.i (Fig. [6](#Fig6){ref-type="fig"}). In addition, loss of PA-X expression induced significantly stronger cytokine response and cell death compared to the wild-type virus (Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). Therefore, we surmised that the increased level of ROS expression related to the reduced PA-X expression may further aggravate the inflammatory and cell death response, which contribute to the serious lung damage induced by the PA-X-deficient viruses.

Generally, the complement system (CS) plays an important role in the innate and adaptive immune response to pathogens \[[@CR75]--[@CR78]\]. However, aberrant complement activation contributes to the pathogenesis of many inflammatory and immunological diseases \[[@CR79]\]. More importantly, accumulating studies have shown that the complement system has been implicated in the development of the acute lung injury induced by respiratory viruses, including influenza virus \[[@CR30], [@CR31], [@CR37]\], severe acute respiratory syndrome coronavirus (SARS-Cov) \[[@CR80]\] and the Middle East respiratory syndrome coronavirus (MERS-Cov) \[[@CR81]\]. In the complement system, the complement-derived peptides C3a and C5a, products of the CS cascade, are the central effector molecules which contribute to the excessive inflammatory response induced by pathogens \[[@CR30]--[@CR37]\]. In this study, we showed that loss of PA-X expression significantly increased the expression levels of C3a and C5a at 24 h p.i. in the mouse lung, especially for the C5a level (Fig. [4](#Fig4){ref-type="fig"}). Substantial studies have also demonstrated that C5a mediates ALI through multiple biological activities, e.g., activation of inflammatory cells migration into lung tissue, generation of ROS, up-regulation of adhesion molecules, stimulation of 'cytokine storm' (reviewed in \[[@CR32]\]). To be note of, we showed that the PA-X-deficient viruses triggered a stronger ROS and inflammatory response than the parental virus (Figs. [3](#Fig3){ref-type="fig"}, [6](#Fig6){ref-type="fig"}). Therefore, it is possible that the PA-X protein alleviates the lung injury partially by down-regulating the C3a and C5a expression and subsequently reduced ROS and cytokine production.

The polymerase of influenza virus has to enter into the nucleus of the infected cells to accomplish the transcription and replication of the viral genome. Previous studies have shown that the level of the polymerase nuclear accumulation is associated with the virulence of IAV. Huarte et al. reported that PA T157A mutation not only delays the PA nuclear accumulation but also decreases viral replication and virulence in mice \[[@CR82]\]. Gabriel et al. \[[@CR83]\] showed that the enhanced binding of importin α1 with the PB2 and NP proteins accelerates the nuclear transport of these proteins in mammalian cells and results in higher efficiency of viral replication. Hu et al. \[[@CR84]\] also revealed that PA K237E mutation increases PA nuclear accumulation in DEF cells, which is associated with the enhanced viral replication and virulence in mallard ducks. Recently, Gao et al. \[[@CR22]\] also found that PA-X reduces PA nuclear accumulation and inhibits viral replication in A549 cells. In the present study, we determined that the reduction of PA-X expression accelerates the transportation of the PA protein from the cytoplasm to the nucleus of the infected cell (Fig. [7](#Fig7){ref-type="fig"}). The faster nuclear accumulation of the PA protein may account for the increased virus replication and virulence of the PA-X-deficient virus \[[@CR15]\]. Interestingly, Jagger et al. \[[@CR6]\] found that PA-X have no effect on viral replication of the 1918 H1N1 virus in MDCK cells, embryonated eggs and mouse lung. However, we found that loss of PA-X expression not only increased viral replication of the highly pathogenic H5N1 virus in mammalian cells (including A549 cells, Vero and MDCK cells) but also enhanced viral replication in mouse organs \[[@CR15]\]. Gao et al. \[[@CR22]\] also showed that reduced PA-X expression strengthened viral replication of the pandemic 2009 H1N1 and highly pathogenic H5N1 virus in A549 cells and mouse lung. Currently, the underlying mechanism for the different observation in viral replication of the PA-X mutants is unclear. However, virus subtypes might account partially for this phenotype difference. Moreover, the potential mechanism of the PA-X protein in delaying transportation of the PA protein into the nucleus is currently unknown. One possible explanation is that the PA-X protein may affect the expression level of the critical cellular factors that are prerequisite for nuclear transportation system by host shutoff mechanism \[[@CR6], [@CR16], [@CR17]\].

A large amount of studies have also demonstrated that another accessory protein, PB1-F2, acts as a virulence regulatory factor in the pathogenesis of influenza virus. Multifunctional roles have been attributed to this protein, including inducing cell death, increasing pathogenesis and cytokine dysfunction, enhancing secondary bacterial pneumonia and so on \[Reviewed in [@CR85]--[@CR89]\]. However, apparently the PA-X protein behaves in an opposite way by decreasing cell death, diminishing cytokine and inflammatory response and decreasing the pathogenicity of H5N1 and H1N1 influenza viruses \[[@CR6], [@CR11], [@CR12], [@CR15]\] (see also Fig. [8](#Fig8){ref-type="fig"}). These two accessory proteins may act in concert with maintaining the balance of the pathogenicity of influenza virus. In the future, it is very interesting to investigate the effect of simultaneous deletion of the PA-X and PB1-F2 proteins on the pathogenesis and transmission of the highly pathogenic influenza virus.

In summary, our study clearly demonstrates that PA-X alleviates ALI caused by HPAIV of the H5N1 subtype in mice. Loss of PA-X expression accelerated the nuclear accumulation of the PA protein, aggravated the host cell death and augmented the ROS production, complements and cytokines response. Therefore, this study provides further information for understanding the role of PA-X, a new accessory protein, in the complicated pathogenesis of the influenza virus. Future studies are still needed to investigate the underlying mechanism of PA-X in regulating virulence, particularly in the viral--host interaction interface.
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